Abstract: Manufacturing processes are responsible for climate change due to the emissions produced as result of energy consumption. This paper analyzes the influence of the cutting conditions and the characteristics of cutting tools on the energy required in machining processes and the carbon dioxide equivalent (CO 2 -eq) emissions generated per material removed ratio (MRR) in an effort to define common criteria for using cutting inserts in a sustainable manner. Consequently, four cutting inserts were evaluated during the turning of Ti6Al4V alloy. An experimental and statistical methodology that combined the orthogonal array L36, the signal-to-noise ratio under the "small is better" criterion of Taguchi, and a multifactor analysis of variance was used. The effects of the geometry, material and coating of the tool and the cutting conditions on the energy and the carbon footprint during the manufacturing process were analyzed. The results show that a high tool cutting length and a high cutting depth are significant common factors, whereas the coating-cutting depth and cutting length-cutting speed are significant common interactions for both the energy/MRR ratio and the CO 2 -eq emissions/MRR ratio, and the coating-cutting speed exhibits a significant interaction for emissions. The outcomes show that the lifespan of the tool has little influence on the total emissions, at the time that the methodology is able to identify the most appropriate manner to calculate energy.
Introduction
Intense industrial activity and manufacturing processes require high energy consumption and thereby the generation of greenhouse gas (GHG) emissions, which have negative consequences for the preservation of resources and the environment, due to their contribution to global warming. These GHG emissions include carbon dioxide (CO 2 ), the main contaminant gas generated in the world, and other gases such as methane, nitrous oxide and chlorofluorocarbons which can be measured in units of CO 2 equivalents (CO 2 -eq) [1] . In the manufacturing field, designs that reduce energy use and emissions are the main issues considered by companies in their attempt to move toward greater sustainability [2] . Energy efficiency is a current concern, and policies regarding it affect the environment because this efficiency can contribute to reducing emissions and favor decreasing the greenhouse effect [3] . Some companies have their own policies and focus their production on clean manufacturing [4] and models are being developed to minimize environmental impacts while maximizing resource efficiency in particular cases, such as gear manufacturing [5] . In the industrial field, where innovation is continuous, the influence of many factors (e.g., equipment, materials and the model to introduce direct energy requirements, and Peng et al. [25] developed an energy model implementation for future CNC machining systems based on function blocks. Iqbal et al. [26] established a set of rules utilizing fuzzy logic and found that a long tool life is associated with more energy consumption and low productivity. In addition, Schultheiss et al. [27] showed that it is possible to increase tool life through the use of worn tools in secondary operations. Mativenga and Rajemi [28] showed that the selection of cutting conditions based on a minimum energy footprint criterion can lead to an important decrease in the energy footprint of the machining process compared with that obtained the cutting conditions recommended by tool manufactures; Fang et al. [29] applied a model of general multi-objective mixed-integer linear programming to machining in an attempt to reduce power consumption and the carbon footprint. Finally, Yingjie [30] concluded that it is necessary to research energy efficiency techniques in machining processes through the optimization of mechanical configurations and cutting parameters, whereas that Peng and Xu [31] affirmed that a future comprehensive data analysis in terms of energy consumption should include materials, machine tools, cutting tools and energy. Despite these advances, it is necessary to know which cutting conditions are significant in terms of their effects on energy or CO 2 -eq emissions. Moreover, conditions can be easily comparable if both the energy and emissions are related to the material removed ratio (MRR).
Although many problems are related to policies, particularly those linked to the type of energy generated, it can be made decisions on industrial processes to mitigate the effects. The objectives of this paper are:(i) to evaluate the influence of the cutting conditions and insert characteristics on the energy required and the CO 2 -eq emissions per MRR during the dry machining of Ti6Al4V alloy, with the aim of defining parameters that contribute to reducing the influence of this process on greenhouse gas emissions, and (ii) to determine the contribution of cutting tools to CO 2 -eq emissions.
Experimental Section
This section describes the experimental procedure used to obtain the values of the forces that allow for the calculation of the energy, the calculation procedure to consider the energy mix and the emissions factor of materials, as well as the statistical methodology followed according to Taguchi's method.
Experimental Procedure
Ti6Al4V alloy bars have been used due to the importance of this material in the industry. The operation selected is turning, particularly orthogonal cutting, because cylindrical parts are components of many titanium products, such as biomedical implants, vessels, hubs, fasteners, and many other components. Some main properties of this alloy are shown in Table 1 [32] . Several high-performance inserts have been chosen; they are recommended by the tool manufacturers for the machining of titanium, particularly SECO (Seco Group, Fagersta, Sweden), the cutting tool manufacturer selected in these tests. According ISO 1832 nomenclature [33] , the inserts are as follows: CNMG 120408 MF1 890 (hereinafter CNMG), CNMG 120408 MF1 CP500 (hereinafter CNMG PVD), WNMG 060408 MF1 890 (hereinafter WNMG) and WNMG 060408 MF1 CP500 (hereinafter WNMG PVD). Thus, uncoated and coated inserts are considered. The coating is achieved by physical vapor deposition (PVD). The material coded 890 is cobalt-cemented tungsten Energies 2015, 8, [13081] [13082] [13083] [13084] [13085] [13086] [13087] [13088] [13089] [13090] [13091] [13092] [13093] [13094] [13095] carbide, WC with 6% Co as binder, manufactured by powder metallurgy technology. These coatings are more environmentally friendly than others, such as those generated by chemical vapor deposition (CVD), which requires more operations for their manufacturing [34] ; this feature was taken into account when selecting the coatings investigated in this study. These tools have been selected because they provide good results in Ti6Al4V due to good machinability [35] . The tool chip breaker (MF1) used is a medium type that is adequate for finishing and roughing operations is shown in Table 2 on the images of each insert. The difference between CNMG and WNMG is the number of edges (four and six, respectively) and the cutting length of the edge (le) is 12.7 and 9.525 mm, respectively. According to the ISO nomenclature, all of the inserts have the same cutting angle (80˝), clearance angle (0˝), clearance thickness (0.13 mm), and nose radius (0.8 mm). The weight of the insert type CNMG is 0.02223 kg, and the weight of insert type WNMG is 0.01075 kg. The coating is titanium nitride (TiN) plus titanium aluminum nitride (TiAlN) via PVD. This coating is selected because its good wear resistance, increasing the tool life [36] . The ranges of cutting conditions are the following: cutting depths (d), 1, 2 and 3 mm, feed rate (f), 0.1 and 0.2 mm/rev; and cutting speed (vc), 50, 100 and 150 m/min. Under these cutting conditions, it is possible to find regions of low, moderate and high tool wear [37] . To maintain a constant spindle speed, bars of different diameters were used: 17.2 mm for vc = 50 m/min, 34.4 mm for vc = 100 m/min and 51.6 mm for vc = 150 m/min. The tests were performed in dry conditions because it is more environmental friendly to avoid the use of cutting fluids [14] .
The equipment used includes a Kistler-type 9257B piezoelectric dynamometer with a Kistler-type 5070A multi-channel charge amplifier (Kistler Group, Winterthur, Switzerland) installed in an EMCO CNC lathe (EMCO Maier GesmbH, Hallein, Austria). The data acquisition software to convert the electrical signal into mechanical units is DasyLab (Measurement Computing Corporation, Norton, MA, USA). The data collected directly include the cutting force (Fc), back force (Fp) and feed force (Ff) (see Figure 1) . In this manner, all of the forces are considered for a total energy calculation. The energy required for the tool change was also considered. These aspects are important because in machining, the total energy is much higher than the cutting energy [38] . With this information, it is possible to calculate the cutting, feed, active and drive power. From these values, the ratio of energy to MRR can be finally calculated. The machine efficiency is assumed to be 90%, which is within the typical machine efficiency range of 80% to 90% [17] . This efficiency contributes to the absolute value of the energy, but considering the same technology level of the machines, it does not contribute to a different result about insert tools behavior.
The tool life was analyzed by a three-dimensional measurement device with a TESA VISIO laser sensor (TESA SA, Renens, Switzerland), which can determine the wear of each cutting edge at each tool insert. Although, the energy consumption can increase due to tool wear, because the forces required are higher [39] , in these experiments, each insert is used for its lifespan. The ranges of cutting conditions are the following: cutting depths (d), 1, 2 and 3 mm, feed rate (f), 0.1 and 0.2 mm/rev; and cutting speed (vc), 50, 100 and 150 m/min. Under these cutting conditions, it is possible to find regions of low, moderate and high tool wear [37] . To maintain a constant spindle speed, bars of different diameters were used: 17.2 mm for vc = 50 m/min, 34.4 mm for vc = 100 m/min and 51.6 mm for vc = 150 m/min. The tests were performed in dry conditions because it is more environmental friendly to avoid the use of cutting fluids [14] .
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Calculation Procedure
This calculation considers the emissions derived from the energy consumed during the machining and the manufacturing of the inserts. The emissions resulting from the titanium manufacturing are not considered because they are common in all cases; thus, they do not contribute to identifying the ideal conditions. CO2-eq emissions are calculated considering the Spanish energy mix. Table 3 describes the Spanish energy mix; as shown in the table, the emission factor is 0.44 tonnes CO2-eq/GJ [40] . In this country, there is a high percentage of clean energy, so the results could be considerably higher in other countries. Moreover, the emissions derived from the inserts, particularly from WC manufactured by a sintering process, have a coefficient of 1.34 tonnes of CO2-eq per tonne of manufactured product [41] , in addition to the manufacturing process of the insert coatings, which are formed by physical vapor deposition, which adds 0.08 tonnes of CO2-eq per tonne of manufactured product [41] . Because these coefficients are lifecycle emission contributions, all of these coefficients and the weight of the inserts were taken into account in the calculation of CO2-eq emissions, which were performed using SimaPro software (Pré Consultants, Amersfoort, The Netherlands) [42] , to obtain the results presented in Section 3. 
This calculation considers the emissions derived from the energy consumed during the machining and the manufacturing of the inserts. The emissions resulting from the titanium manufacturing are not considered because they are common in all cases; thus, they do not contribute to identifying the ideal conditions. CO 2 -eq emissions are calculated considering the Spanish energy mix. Table 3 describes the Spanish energy mix; as shown in the table, the emission factor is 0.44 tonnes CO 2 -eq/GJ [40] . In this country, there is a high percentage of clean energy, so the results could be considerably higher in other countries. Moreover, the emissions derived from the inserts, particularly from WC manufactured by a sintering process, have a coefficient of 1.34 tonnes of CO 2 -eq per tonne of manufactured product [41] , in addition to the manufacturing process of the insert coatings, which are formed by physical vapor deposition, which adds 0.08 tonnes of CO 2 -eq per tonne of manufactured product [41] . Because these coefficients are lifecycle emission contributions, all of these coefficients and the weight of the inserts were taken into account in the calculation of CO 2 -eq emissions, which were performed using SimaPro software (Pré Consultants, Amersfoort, The Netherlands) [42] , to obtain the results presented in Section 3. In these calculations, it is necessary to consider the number of inserts required for machining Ti6Al4V alloy. In this sense, the tool life is an important variable. ISO 3685 [43] establishes the limit on flank tool wear (VB) at 0.3 mm, which has been considered in the calculation of the number of tools required during the process and will affect the emissions outcomes due to the production of tools. Once an insert achieves a wear of 0.3 mm, a new insert replaces it. Preliminary tests were executed to determine the tool life, measuring the growth of flank wear, and the machining time for each edge and each cutting condition. Once the edge life is known, the tool was changed during the tests at the appropriate time, and the CO 2 -eq emissions generated from the energy consumed during the times of change were taken into account. The overall operation time was the sum of insert lifespan plus an average of 90 s of change time per insert. In order to establish proper tool life comparisons, the total number of inserts required to machining a cubic meter of raw material was considered. For energy calculation only machining and change times were considered, but for CO 2 -eq calculation tool manufacturing impact was added. This approach allows the tool comparison and also it determines whether the energy required for the process is sufficient for insert selection. Both the energy requirements and the emissions that are common to any type of tool they have not been taken into account, so a differential comparison and selection procedure is provided.
Statistical Procedure
A design of experiments by the Taguchi methodology has been performed [44] . To reduce the number of tests, the orthogonal array L36 (2 3ˆ313 ) has been chosen because it combines a maximum of three factors with two levels and thirteen factors with three levels. The factors and levels are shown in Table 4 , in which the coating, le and f have two levels and vc and d have three levels. The measurement is given via the signal-to-noise ratio (S/N), which represents the relationship between the signal or mean and the noise or variance [44] . Taguchi considered several models of S/N: "smallest is better", "nominal is better" and "larger is better"; in this study, "smaller is better" is analyzed because the variables are energy and CO 2 -eq emissions. This methodology has been used in the analysis of manufacturing processes [45, 46] because it can be used to optimize the parameters that have a major influence on the variables considered. Equation (1) represents the relationship "smaller is better", where n is the number of tests and y i is the measurement in the ith trial of the objective variable. In this investigation, y i is the energy and the CO 2 -eq emissions by MRR. MRR is the product of the cutting conditions: f, vc and d. For the S/N ratio, "smaller is better" is interpreted as higher values being preferred [44] .
An analysis of variance (ANOVA) has been performed to find the significant factors and interactions in the S/N ratio under a confidence interval of 95%. Therefore, the factor or the interaction is significant if the P-value is less than 0.05 [47] . Moreover, a regression analysis is conducted to verify the relationship between the factors and variables and between energy and emissions. The Statgraphics software (Statpoint Technologies, Inc., Warrenton, VA, USA) was used for the statistical analyses [48] .
Results and Discussion
The factors and levels presented in Table 4 are displayed in greater detail in Table 5 to allow a clear identification of the values associated with each factor at each level. The following results show the value of the total energy per MRR, including the energy achieved by the cutting, back and feed forces. They are high (see Table 6 ) compared with those obtained with other materials such as aluminum alloys [49] , but are calculated per cubic meter, and the density of Ti6Al4V is higher (see Table 1 ) that that of aluminum based alloys. Therefore, the required high forces result in high energy consumption and CO 2 -eq emissions. The S/N ratios are shown in Table 6 . The results show that completely different outcomes are obtained with different cutting conditions. In a first approach, better results for energy and emissions (see line 6 of Table 6 Table 6 ). As observed in the same table, the edge life is 12.85 min in the best situation (CNMG tool) and 1.72 in the worst case (WNMG PVD tool). Because the edge life varies from 29.8 min (WNMG PVD tool) to 0.8 min (CNMG tool), the influence of tools is not clear. In addition to these conditions, it is important to determine the significant factors, which can provide information about the general behavior.
Energy/MRR
The results of the S/N ratio related to energy/MRR have been subjected to a multifactor ANOVA considering the main factors and their interactions. The outcomes are shown in Table 7 . The ANOVA table shows the sum of squares, degrees of freedom, mean square, F-ratio according to a Fisher-Snedecor test and P-value of the main factors (coating, le, f, vc and d) and the interactions (coating-d, and le-vc). Only the significant interactions are given in this table; therefore, the interactions coating-vc, coating-f, coating-le, le-f, le-d, f -d, f -vc and vc-d are not significant. The ANOVA shows two significant factors, le and d, as their P-values are less than 0.05 (see Table 7 ). The percentage of influence is 22.52% le and 14.43% d, obtained by the ratio between the sum of squares of a factor and the total ( Table 7 ). The result for le is interesting because it can influence tool design. Figure 2 shows that an increase in le is recommended. Thus, an increase in le results in an increase in the S/N ratio (Energy/MRR). A possible cause is that the shape of the insert makes chip evacuation difficult and can therefore influence deformed chips and removed chips. Thus, from the energy perspective, CNMG inserts have better results than WNMG inserts. The outcomes of d are also of interest because an increase in d results in a higher S/N ratio. This finding is consistent with the effect of d on the life of the tool, as noted in Table 6 ; increasing d also increases the tool life. A greater d, 3 mm in the range used, results in more material removed per unit of time; therefore, the high performance is more sustainable. The percentage of influence is 22.52% le and 14.43% d, obtained by the ratio between the sum of squares of a factor and the total ( Table 7 ). The result for le is interesting because it can influence tool design. Figure 2 shows that an increase in le is recommended. Thus, an increase in le results in an increase in the S/N ratio (Energy/MRR). A possible cause is that the shape of the insert makes chip evacuation difficult and can therefore influence deformed chips and removed chips. Thus, from the energy perspective, CNMG inserts have better results than WNMG inserts. The outcomes of d are also of interest because an increase in d results in a higher S/N ratio. This finding is consistent with the effect of d on the life of the tool, as noted in Table 6 ; increasing d also increases the tool life. A greater d, 3 mm in the range used, results in more material removed per unit of time; therefore, the high performance is more sustainable. With respect to significant interactions (see Table 7 ), only coating-d appears and has a positive effect compared to the uncoated insert and a d of 3 mm (see Figure 3 ). This finding is consistent with the results shown in Figure 3 ; the coating does not positively influence the energy because of the increase in friction.
The results for the interaction le-vc are different from the results for le. An increase in le is recommended over a lower vc. The outcomes are consistent with the results in Figure 2 . Additionally, a lower vc (50 mm/min) results in a lower energy consumption. With respect to significant interactions (see Table 7 ), only coating-d appears and has a positive effect compared to the uncoated insert and a d of 3 mm (see Figure 3) . This finding is consistent with the results shown in Figure 3 ; the coating does not positively influence the energy because of the increase in friction. Table 8 shows the ANOVA; the factors le and d are statistically significant, as in the S/N ratio (energy/MRR) and with the same effect (see Figure 4) . The significant interactions are coating-d and le-vc, as for the S/N ratio (energy/MRR), but in this case, coating-vc also has a P-value less than 0.05. The results for the interaction le-vc are different from the results for le. An increase in le is recommended over a lower vc. The outcomes are consistent with the results in Figure 2 . Additionally, a lower vc (50 mm/min) results in a lower energy consumption. Table 8 shows the ANOVA; the factors le and d are statistically significant, as in the S/N ratio (energy/MRR) and with the same effect (see Figure 4) . The significant interactions are coating-d and le-vc, as for the S/N ratio (energy/MRR), but in this case, coating-vc also has a P-value less than 0.05. In this case, the percentage of influence is 16.03% d and 12.55% le. The influence of le is considerably lower than in the study of energy, possibly due to the influence of the coating-vc interaction, which is absent in the significant interactions of the S/N ratio (energy/MRR). Thus, although there is a strong relationship between energy and CO 2 -eq emissions, in the last case, the influence of tool life can be considered. In fact, the emissions are increased with the number of tools manufactured. The effect of significant interactions is shown in Figure 5 . Table 8 . ANOVA of the S/N ratio (CO 2 -eq emissions/MRR). 
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Contribution of Cutting Inserts to CO 2 -eq Emissions
In roughing operations, which are common in machining, coatings do not have a positive influence on energy. Of the inserts evaluated, the most interesting with respect to energy/MRR was CNMG. These last considerations involve sustainability and performance objectives, which balance is important in the industry. Therefore, a longer cutting length has a positive effect. Moreover, this insert has fewer edges than WNMG.
The emissions results for the optimal energy consumption for each insert and the percentages attributed to tools are shown in Figure 6 . In this figure, the number of tests is equivalent to the number of tests presented in Tables 5 and 6 to allow identification of the tool characteristics and cutting parameters. The results show that energy is a more important factor in CO 2 -eq emissions, as demonstrated by the finding that higher emissions result from higher energy and not from the emissions associated with tools. The ranking of the inserts from those that generate less emissions to those that generate higher emission is the following: CNMG, CNMG PVD, WNMG PVD and WNMG. These results are consistent with those obtained for energy consumption. As expected, the coating contribution is sufficiently small, and as a result, the percentage is conditioned by the total emissions and not by the coating. 
CO 2 -eq emissions from tools/MRR (%)
Total CO2-eq emissions/MRR CO2-eq emissions/MRR from tools (%) Figure 6 . Contribution of tools to CO2-eq emissions/MRR as a percentage. Figure 6 . Contribution of tools to CO 2 -eq emissions/MRR as a percentage.
As shown in Figure 6 , the percentages are between 17.61% and 0.5%. The uncoated insert type CNMG, with f = 0.2 mm/rev, vc = 150 m/min and d = 3 mm, has the greatest contribution (see line 30 of Table 6 ), followed by coated insert type CNMG, with f = 0.1 mm/rev, vc = 150 m/min and d = 3 mm (line 36 of Table 6 ) and the uncoated insert type CNMG, with f = 0.2 mm/rev, vc = 150 m/min and d = 50 mm (line 28 of Table 6 ). The lowest contributions of the tools are found for coated insert type WNMG, with f = 0.2, vc = 50 m/min and d = 1, 2, and 3 mm (lines 7, 8 and 9 of Table 6 ). The lower contribution obtained for the WNMG insert is a consequence of the material, even when these inserts consume more energy in machining tests. Figure 7 shows the variation of the S/N ratios as d and le are increased, and Figure 8 shows the same variation as coating and le are modified under optimal conditions. Both ratios appear to show a similar evolution.
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Evolution of Factors
Energies 2015, 8, [13081] [13082] [13083] [13084] [13085] [13086] [13087] [13088] [13089] [13090] [13091] [13092] [13093] [13094] [13095] The correlation is 0.9781, and R 2 is 95.66%. Figure 9 shows the model of the fitted linear regression. The calculation of the energy can be used to determine CO2-eq emissions without considering the contribution of tools: 
Conclusions
We have presented a study centered on the selection of cutting inserts for environmentally efficient machining. This paper contributes to the understanding of this field by providing a quantitative evaluation of the main different technological and operational factors associated with modern machining using cutting inserts. Utilizing a widely used titanium alloy, the approach includes proper qualitative ratios of energy use and CO2 impact related to a main manufacturing activity metric (MRR). Comprehensive experimentation and a subsequent statistical analysis using the Taguchi and ANOVA techniques represent a systematic methodology for qualitative and quantitative assessment.
The methodology proposed can contribute to the conservation of resources through the identification of practices in manufacturing processes, particularly in the turning operations of Ti6Al4V alloy, that result in lower energy/MRR consumption and lower CO2-eq emissions/MRR. For both metrics, energy and emissions, the study outcomes show that a high tool cutting length and a high cutting depth were identified as significant factors. Thus, this alloy is sensitive to cutting conditions and also to tool geometry, rather than tool material.
The inserts were ranked from those that have minor effects on the energy/MRR and CO2-eq emissions/MRR to those that have major effects in these ratios: CNMG, CNMG PVD, WNMG PVD and WNMG. The coating has a low impact and an uncoated insert is a first choice for a high cutting depth and a high tool cutting length. This is a remarkable conclusion, because the use of coated inserts can be avoided in roughing operations, improving cost and performance.
This study demonstrates the need to consider cutting inserts as an element capable of reducing the machining contribution to climate change through the industrial activity. The carbon footprint is directly proportional to energy consumption. In this sense, forthcoming studies related to the sustainability and environmental impact of machining processes could focus more on the fundamental analysis of energy rather than the analysis of the downstream effect of emissions. 
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